Abstract High-frequency (HF)-induced descending artificial plasma layers (DAPLs) are artificially ionized plasma layers with plasma density in excess of that of the F 2 peak. They were discovered during HF heating experiments at the High-Frequency Active Auroral Research Program where they descended up to 70 km from the initial O mode wave reflection height. The DAPLs were attributed to the ionization of the neutral gas by high-energy electrons accelerated by the artificial ionospheric turbulence. Recently, DAPL formation was reported during the HF heating experiment at Arecibo (Bernhardt et al., 2017, https://ies2017. bc.edu/). This result was unexpected since Arecibo has the effective radiated power 4-5 times lower than that at High-Frequency Active Auroral Research Program, and since the experiment at Arecibo also has an unfavorable geometry, where the HF beam is directed vertically while the inclination of the geomagnetic field is 43.5°, allowing the fast electrons to escape the volume where their interaction with the artificial plasma turbulence occurs. However, the presence of photoelectrons due to the ultraviolet radiation from the Sun at the low latitude of Arecibo could magnify the flux of hot electrons. A model of artificial plasma layers created by the Arecibo HF facility is presented. It shows that Langmuir turbulence due to the HF heating can accelerate part of the ambient photoelectrons to energies above the ionization threshold of the neutral gas, leading to the formation of DAPLs. The present model results are in quantitative agreement with the experiments of Bernhardt et al. (2017) .
Introduction
High-frequency (HF)-induced descending artificial plasma layers (DAPLs) are plasma layers driven by HF/plasma interactions with plasma density exceeding that of the F 2 peak. They were first observed during HF heating experiments at the High-Frequency Active Auroral Research Program (HAARP) (Pedersen et al., 2009 (Pedersen et al., , 2010 . Mishin and Pedersen (2011) attributed the DAPLs to an ionization front created near the O mode critical layer caused by suprathermal electrons driven by strong Langmuir turbulence (SLT) acceleration in the ionospheric F region. The HF-driven ionization process, initiated near 220-km altitude subsequently descended and terminated at approximately 150-km altitude. The ionization/extinction process was repeated as long as the HAARP effective radiated power (ERP) exceeded a threshold value. Eliasson et al. (2012) using a complex simulation code demonstrated that the SLT acceleration depended on the presence of electrons with effective temperature in excess of 2-3 times the ambient electron temperature and attributed this to preheating/acceleration at the upper hybrid (UH) region, a few kilometers below. The connection of the DAPL and its relationship to the UH turbulence was later confirmed by subsequent observations by Mishin et al. (2016) that indicated that the most efficient DAPL generation takes place when the transmitted frequency is somewhat above multiple harmonics of the electron gyrofrequency and when the HF beam is directed toward the magnetic zenith to generate UH turbulence (Bernhardt et al., 2016; Sergeev et al., 2013) . Numerical and analytical studies indicated that the efficiency of DAPL was dependent on whether the UH turbulence generated Druyvesteyn-type heating or high-energy tails processes that depended on whether the UH frequency was close to an electron cyclotron harmonic or not (Grach, 1999 Bernhardt et al. (2017) 2017). However, the original observations by Pedersen et al. (2009) showed that DAPLs can be formed also when the HF wave is tuned below the local second electron cyclotron harmonic. Eliasson et al. (2015) presented a multiscale simulation model of the DAPL that includes SLT Langmuir acceleration of plasma electrons, the transport of energetic electrons to lower altitudes, and the ionization of neutral gas below the acceleration region by the energetic electrons and the buildup of plasma leading to reflection of the incident pump wave, that provided a closer to the early (Pedersen et al., 2009 ) and late DAPL observations (Mishin et al., 2016) .
Recently, Bernhardt et al. (2017) reported the presence of DAPL during an HF heating experiment at Arecibo, where the DAPL descended about 20 km below the initial height of the O mode critical layer. This was unexpected since the Arecibo heater has an ERP 4-5 times lower than that at HAARP, and the magnetic geometry does not permit field aligned connection of the UH region to the SLT turbulence. The objective of this paper is to demonstrate that the well-known presence of photoelectrons (Carlson et al., 2016; Mishin et al., 2016; Perkins & Salpeter, 1965) can provide during daytime the ambient conditions for SLT acceleration even in the absence of the UH pre-acceleration required by HAARP.
We present below a multiscale simulation derived from our previous work (Eliasson et al., 2012 (Eliasson et al., , 2015 that addresses in detail the Arecibo DAPL observations. The model includes a full-wave simulation of the HF radio wave propagation, the excitation of SLT at the reflection point, a Fokker-Planck model of electron acceleration in the presence of ambient photoelectrons. The model is based on the realistic geometry of the vertical HF beam and oblique magnetic field. The resulting distribution of hot electrons is used in an ionization model for the major atmospheric particle species to estimate the plasma formation by the hot electrons. Finally, the model output is compared with the existing observations.
Theory
An ordinary (O) mode polarized radio wave injected into the overhead ionosphere excites SLT near the reflection point of the O mode wave when its amplitude exceeds the threshold for the oscillating two-stream instability, leading to spiky Langmuir oscillations trapped in ion density cavities (Rowland et al., 1981) . Initially, the turbulence is primarily along the oscillatory electric field directed along the magnetic field lines, but later two-dimensional collapse may take place (Rowland et al., 1981; Russell et al., 1988) . For simplicity we are using a one-dimensional full-wave model (discussed below) to estimate the wave packets created in the SLT. If the transit time of an electron is smaller than the wave period of the Langmuir wave as it traverses a localized wave packet, the electron feels a DC field and is efficiently accelerated or decelerated by the Langmuir wave. The process leads to a diffusion of the electron distribution function in velocity space that can be described by a Fokker-Planck equation. The diffusion coefficient is significantly large only if the field-aligned velocity of the electron exceeds satisfies the conditions v > L/ω pe , where L is the scale size of the soliton/cavity pair of the SLT and ω pe the plasma frequency, and hence, for Maxwell-distributed electrons there is only small fraction of the electrons in the high-velocity tail distribution function that is efficiently accelerated by the SLT.
However, high-energy photoelectrons are produced in the Earth's ionosphere by photoionization of the neutral gas by the solar ultraviolet radiation. The excess photon energy transforms into a typical kinetic energy greater than 2 eV of the newly born photoelectrons, and these photoelectrons can be efficiently accelerated by the SLT. The photoelectron intensity F ε peaks at an altitude of about 200 km, where its energy distribution turns out to be close to a shifted Maxwellian (interpolated from Figures 3.2.2 and 3.2.3 of Rees, 1989) ,
with the peak velocity v 0 corresponding to a kinetic energy of about 3 eV, and the temperature T ph = 4-6 eV. The factor (1 À 2) corresponds to (solar minimum À maximum). The number density of the photoelectrons is obtained from
Evaluating equation (2) with T ph = 6 and using photoelectron intensity for the solar minimum and maximum (Rees, 1989) gives the corresponding number densities N ph = 60 and 100 cm
À3
, respectively. For the Arecibo
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Journal of Geophysical Research: Space Physics experiment (Bernhardt et al., 2017 ) the total electron number density N e is found at the reflection point of the O mode wave by using the relation for the plasma frequency f pe kHz ð Þ ¼ 9 ffiffiffiffiffi N e p , where N e is given in per cubic centimeters. The transmitted frequency 5,100 kHz gives N e ≈ 3.2 × 10 5 cm
À3
, and thus, the fraction of photoelectrons is n ph = N ph /N e ≃ (2 À 3) × 10 À4 .
The Model Output
A set of simulations are carried out with a one-dimensional full-wave code (Eliasson et al., 2012 (Eliasson et al., , 2015 , where an O mode wave with given amplitude is injected at the bottom of the simulation box and is allowed to propagate to the critical layer where it excites Langmuir turbulence. Details of the simulation model is given in Eliasson (2013) . The ionospheric plasma profile is assumed to be on the form
, L i = 63.25 km, and z 0 = z r + 44 km with z r being the O mode reflection height. The geomagnetic field B = 3.38 × 10 À5 T is tilted 43.5∘ to the normal. Using the nonuniform nested grid method (Eliasson, 2013) , the simulations are done on a simulation box extending from z = z r À 78 km to z r + 22 km with a uniform grid size of 4 m to resolve the electromagnetic wave, and a finer, nested 2-cm grid is used locally in a 4-km-wide region z = z r À 3.5 km to z r + 0.5 km to resolve the small-scale electrostatic turbulence. This relaxes the stability condition on the time-step due to the electromagnetic wave, while simultaneously resolving the small-scale turbulence. Figure 1 shows the turbulent HF electric fields versus altitude at t = 10 ms for injected O mode waves with the amplitudes E 0 = 0.2, 0.3, 0.5, and 1.0 V/m. The size of the turbulent region and the amplitude of the electrostatic waves increase with increasing amplitude of the pump wave. The lowest amplitude E 0 = 0.2 V/m serves as a threshold for the ionospheric turbulence, with no significant turbulence developing for E 0 < 0.2 V/m. Electromagnetic waves in the Z mode branch are seen to propagate at h > h r . For the chosen plasma parameters, these Z mode waves propagate to the cutoff point of the Z mode wave at h À h r ≈ 9 km where they are reflected. When the converted Z mode waves are allowed to propagate over the F 2 peak to the conjugate point of the ionosphere, they may excite topside Langmuir turbulence (Eliasson, 2008) as observed in experiments at Arecibo (Ganguly & Gordon, 1983) and European Incoherent Scatter Scientific Association (EISCAT) (Isham et al., 1990 (Isham et al., , 1999 .
The small-scale Langmuir turbulence accelerate the electrons resonantly, leading to electron diffusion in velocity space. This process can be described by a Fokker-Planck equation (Eliasson et al., 2012; Sagdeev & Galeev, 1969 )
In SI units, the diffusion coefficient (m 2 /s 3 ) is given by
where
/m) is the spectral energy density of the electric field per wavenumber Δk and ΔE 2 is the differential squared electric field.
We are here primarily interested in the ionization processes below the interaction region due to electrons that have streamed along the magnetic field lines through the turbulent region. We do not investigate in detail the space dependence of the diffusion coefficient within the turbulent region, but instead use an "averaged" diffusion coefficient based on the total spectrum of waves. While the turbulent wave spectrum is in general multidimensional (Grach, 1999; Ivanov et al., 1976; Vedenov et al., 1961) , we have for simplicity used the one-dimensional Fokker-Planck model (3), consistent with our one-dimensional fullwave model. The diffusion coefficients corresponding to the turbulent electric fields in Figure 1 are shown in Figure 2 . Low-energy electrons with energies below a few electron volts are only weakly accelerated by the turbulence. Electrons having energies of ∼10 eV are efficiently accelerated for pump amplitudes E 0 > 0.3 V/m. In the Fokker-Planck simulations, a sum of Maxwellian electrons of temperature T e = 2000 K and photoelectrons are injected at the boundaries, and the distribution function is broadened by the turbulence as the electrons traverse the turbulent region. When the electrons reach the opposite boundary, they are allowed to propagate over the boundary to be absorbed. The system reaches steady state approximately on a timescale when a low-energy electron with a speed equal to the ambient thermal speed v te ¼ ffiffiffiffiffiffiffiffiffiffiffiffi ffi T e =m e p ∼2Â10 5 m=s has traversed the turbulent region a few hundred meters wide. The Fokker-Planck simulations are run for 2 ms to ensure that steady state solutions have been achieved, after which the simulations are stopped and the resulting electron distribution functions are recorded. photoelectrons injected at the boundaries is taken as n ph = 3 × 10 À4 , and the diffusion coefficients were calculated using data from full-wave simulations with the injected O mode wave amplitudes E 0 = 0.3, 0.5 and 1 V/m. Figure 3 reveals that the high-energy tails above 15 eV of the accelerated electron population increases significantly with an increase of the pump amplitude E 0 , and where E 0 = 0.3 V/m is too weak to significantly accelerate electrons.
In fact, the latter curve only slightly differs from the ambient photoelectron distribution shown by the black curve. , 5 × 10 À4 , and 10
À3
, and with v 0 = 1.03 × 10 8 cm/s and T ph = 6 eV. Figure 4 reveals that adding the photoelectrons to the bulk of thermal electrons significantly increases the population of the electrons having the energy more than 15 eV, which can ionize the neutral atoms and molecules. The high-energy tail occurs due to the acceleration of the photoelectrons by the artificial plasma turbulence. Note that as shown in Figure 4 the HF electric field E 0 < 0.5 V/m is insufficient to accelerate the bulk of electron to energy >15 eV required for the ionization. Since at Arecibo E 0 < 0.5 V/m, only photoelectrons can be accelerated to ionize the neutral gas. A set of simulations (not shown) have revealed that the model depends only weakly on the temperature of the photoelectrons: when the value of T ph was increased from 4 to 6 eV the number of the hot electrons with the energy 20 eV increased by less than 20%.
Estimates of the Artificial Ionization
The fast electrons are streaming downward and upward along the geomagnetic field from the turbulent plasma layer. They produce an additional ionization below the initial turbulent layer, where the number density of the neutral species is high enough
Here N hot e is the number density of the hot electrons, k ion ¼ ∑ j N j κ j ion is the total ionization rate by electron impact where the summation was made over the three major atmospheric species in the F region, N 2 , O, and O 2 . For the atmospheric species j, the number density is N j and the ionization rate coefficient is given by
where σ j ion is the ionization cross section for the jth neutral component and I j its ionization potentials (Rees, 1989) ; numerical values for ionospheric conditions at height 180 km are given in Table 1 below. The lifetime of the thermal electrons due to electron-ion recombination is 
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The factor 2 in equation (5) reflects the fact that the dominant role is played by the dissociative electron recombination with the molecular ions which fraction is about 0.5 according to International Reference Ionosphere 2012 in the region of interest around 200 km (Bilitza et al., 2014) .
To estimate the mean free path l for the hot electrons, we assume that the main electron energy losses are due to the ionizing collisions with the neutrals
For the sake of simplicity, we assume monoenergetic electrons with the energy 20 eV. Taking the ionization cross-sections from Rees (1989) and the concentration of the major neutral species from the Committee on Space Research International Reference Atmosphere (2012) atmospheric model, we find that at 200 km the mean free path along the geomagnetic field is l = 30 km, while its vertical component is l z = 20 km.
Comparison With Experiment at Arecibo
The Arecibo Observatory is located in Puerto Rico at 18∘N, 65∘W, where the inclination of the geomagnetic field is 43.5∘. The observatory hosts the HF Facility which can transmit radio waves at two HF frequencies, 5.1 and 8.175 MHz. The former is of our major interest since the ionosphere at the current moderate solar activity is underdense for f = 8.175 MHz, making this frequency inefficient for the generation of fast electrons. The HF Facility radiates 600-kW power and has the antenna gain G = 22 dB at f = 5. The recent experiment by Bernhardt et al. (2017) confirmed that DAPLs can be induced by the HF Arecibo facility. Results adopted from this experiment are presented in Figure 5 . It shows plasma line measurements made by the Arecibo incoherent scatter radar. Figure 5 reveals that the HF heating induced plasma turbulence near the 5.1-MHz reflection point at around 200 km, which is marked by arrow 1 in Figure 5 . The turbulent layer in turn generated the flux of fast electrons streaming downward and upward along the Table 1 The Number Density N j , Ionization Potential I j , and Ionization Rate Coefficient κ j ion in Equation (6) geomagnetic field. We focus on the effects caused by the downward propagation, since the upward moving electrons propagate into the rare ionosphere and do not produce a noticeable ionization. At about 20 km below the turbulent layer the fast electrons produce the plasma layer marked by the arrow 2 in Figure 5 . The two dim spots at 4.6 and 5.6 MHz are caused by artifacts.
A schematic of the observed formation of a DAPL is shown in Figure 6 . Two vertical dashed lines show the extent of the HF beam having a diameter d = 44 km. The HF beam is first reflected at 200 km, where it induces plasma turbulence, which in turn accelerates the ambient electrons. They stream downward along the magnetic field, obliquely to the vertical. The vertical component of the electron mean free path l z = 20 km is indicated by the two-head arrow on the left. The hot electrons collide with the neutral particles and produce additional ionization, which is shown by the lower purple line. The incoming HF beam interacts with the newly produced plasma layer at 180 km. It is reflected and forms a thin turbulent plasma layer, which in turn generates hot electrons. Those electrons again run downward along the B field, but most of them are moving out of the HF beam. Therefore, unlike the experiments at HAARP (Mishin & Pedersen, 2011; Pedersen et al., 2010; Sergeev et al., 2013) , where the HF beam was directed along the B field and maintained the DAPL propagation until it reached the lower ionosphere where the process was terminated by the electron-neutral collisions, in the discussed Arecibo experiment a DAPL propagating only one step is formed. Note that if the initial turbulent plasma layer would occur at a height below 200 km, the electron mean free path l z would be smaller than 20 km and the DAPL could experience 2 or 3 shorter steps downward.
We estimate next the expected artificial plasma density produced by the fast electrons accelerated by the HF-induced turbulence using the results given in section 2.2. The number density of hot electrons is estimated in two steps. First, since the Arecibo 2017 experiment was made under normal solar conditions, we estimate the number density of photoelectrons as 80 cm À3 (see the text below equation (2)). It means that . It is found that the number density of hot electrons with the energy higher than 20 eV is about 5 cm
The ionization rate at 180-km height is obtained by first evaluating equation (6) numerically for the three major atmospheric species N 2 , O, and O 2 , using the ionization cross sections and ionization potentials for the respective species given by Rees (1989) . The results are shown in Table 1 . The number density N j for N 2 , O, and O 2 was adopted from the Committee on Space Research International Reference Atmosphere (2012) atmospheric model for mean solar and geomagnetic activity. As a result, we find that k ion (z = 180 km) = 200 s
À1
. The lifetime of thermal electrons is estimated by using equation (7) in which recombination rate α ei = 10 À7 cm À3 · s À1 and the electron density is 3.2 × 10 5 cm
À3
, giving the lifetime τ life e ¼ 60 s. Therefore, from equations (5)-(8) the artificial plasma density produced by the impact ionization of the hot electrons at 180 km altitude is about 0.6 × 10 5 cm
. According to the plasma line measurements shown in Figure 5 the electron plasma frequency at 180-km altitude is 4.6 MHz; that is, the ambient electron density at this height is 2.6 × 10 5 cm
. Therefore, the additional artificial ionization of about 0.6 × 10 5 cm À3 will result in full reflection of the O mode wave f = 5.1 MHz at 180-km altitude. It explains the observations made by Bernhardt et al. (2017) shown in Figure 5 .
Conclusions
HF-induced DAPLs are artificially ionized plasma layers with plasma density in excess of that of the F 2 peak. They were first observed during HF heating experiments at HAARP and then explained in terms of an ionization front created near the O mode critical layer due to electrons energized by UH turbulence and injected to HF excited SLT in the ionospheric F region. Recently, a DAPL was reported during the HF heating experiment at Arecibo (Bernhardt et al., 2017) . This was unexpected since the Arecibo heater has an ERP 4-5 times lower than that at HAARP, and since the experiment has unfavorable geometry for UH turbulence and injection to SLT mode. However, the presence of photoelectrons produced by the solar ultraviolet radiation at the low latitude provides during day-time sufficient electron flux satisfying the SLT acceleration threshold, >L/ω pe , for ionization.
A model of DAPLs created by the Arecibo HF Facility is introduced. It is based on the modified multiscale simulation model of Eliasson et al. (2012) , which includes a full-wave simulation of the HF radio wave and its excitation of SLT induced near the reflection point of the HF wave, and a Fokker-Planck model of electron acceleration with photoelectrons added to the ambient thermal electrons. The model is based on the realistic geometry of the vertical HF beam and oblique magnetic field. The resulting distribution of hot electrons are used in an ionization model for the major atmospheric particle species to estimate the plasma formation by the hot electrons.
The model shows that the hot electrons caused by the acceleration of the ambient photoelectrons by the artificial plasma turbulence, stream downward along the geomagnetic field and ionize the neutral gas when their energy exceeds about 15 eV. The ionization of the neutral gas increases the local plasma density thus the pump wave is reflected at a progressively lower altitude. This leads to formation of a new turbulent layer, consequently producing a set of DAPLs.
The present model results are in quantitative agreement with the Arecibo experiment. In fact, it explains why at Arecibo only one DAPL is formed below the initial turbulent layer, unlike multiple layers, which are formed at HAARP. The reason is that the Arecibo HF beam is vertical while the geomagnetic field is oblique; thus, the hot electrons streaming along the magnetic field can escape the volume where their interaction with the artificial plasma turbulence occurs.
